1. Introduction
===============

Visual observation of molecular reactions and motions at an atomistic level has been an inconceivable dream for scientists for a long time. Enabled by transmission electron microscopy (TEM), we showed atomic-resolution movies of the conformational change of hydrocarbon molecules for the first time in 2007, which marked an indication of the feasibility of fulfilling this dream.^[@r01])^ A recent paper from our laboratory in 2017 based on the second stage of the study of reaction kinetics by direct visual observation of individual reaction events is one step closer towards visual observation of molecular reactions.^[@r02])^

Ever since the law of mass action was proposed by Peter Waage and Cato M. Guldberg in 1864,^[@r03])^ the classical transition state theory of chemical kinetics, which provides information on rates of chemical processes, reaction mechanisms and transition states, has relied exclusively on macroscopic data averaged over molecules and time. Here, a student may naively imagine that a molecule climbs up a hill along the potential surface of the reaction to a transition state and then goes down to the product as if it were a traveler traveling over a mountain pass (Fig. [1](#fig01){ref-type="fig"}a). However, this classical transition state theory represents the behavior of an "average" of numerous molecules in the bulk, but not of individual molecules that behave as a quantum mechanical entity. Thus, a quantum mechanical transition state theory was formulated to account for the elementary reaction of a single molecule in which individual molecules behave as if all their accessible states are occupied in a random order (Fig. [1](#fig01){ref-type="fig"}b).^[@r04],[@r05])^ In this context, the computational reaction pathways that we often see in the literature (Fig. [2](#fig02){ref-type="fig"})^[@r06])^ represent an "average" molecule and is far from the reality of individual molecules because there is no "average" molecule as such in the same sense as there are no average Japanese people.

Chemists usually assume that the data obtained when many single probabilistic reaction events are averaged over molecules and time should agree with the data obtained by the classical statistical methods. However, this statement has not been experimentally proved due to the lack of experimental methods that can observe reaction events from the beginning till the end (Fig. [3](#fig03){ref-type="fig"}). In addition, there is also a lack of methods to analyze the data statistically over molecules, time and temperature so as to perform kinetic analysis of the reaction. Chemical processes in large biomolecules as studied at a single molecule level (but not at an atomistic level) using fluorescence^[@r07])^ and force spectroscopy^[@r08])^ involve many concurrent chemical processes (*e.g.*, multiple hydrogen bond cleavage). Hence, such studies do not provide any information on the rate of individual reactions or their temperature dependence necessary to discuss the transition states of the individual reactions involved.

The single-molecule atomic-resolution real-time electron microscopy (SMART-EM) movie imaging is unique for its ability to record visual images of the time evolution of individual reaction events occurring in a 1-D test tube of a single-walled carbon nanotube (CNT) from the beginning to the end. This method can also perform statistical analysis over several hundred molecules. From the movies, the following can be determined: product structures, reaction rates at various temperatures, kinetic parameters and the involved mechanisms. In our report in 2017,^[@r02])^ we demonstrated the feasibility of performing kinetic analysis with the SMART-EM method for a \[2 + 2\] dimerization reaction of \[60\]fullerene molecules, which was found to take place via an excited state under electron irradiation. Many studies^[@r09])^ identified this reaction two decades ago, but none of them attempted kinetic analysis; hence, its mechanism remains unknown. Therefore, the systematic variable-temperature (VT) SMART-EM study of this reaction was an exciting challenge. In this study, we first found that the reaction events occur randomly. We also observed that the integrated frequency of the reaction events over a few tens of molecules follow the first-order kinetic profile. Moreover, the VT experiments provided kinetic data, from which we obtained mechanistic insights that previously could not be obtained using conventional experimental methods. This review summarizes the background, results and implications on the utility of VT-SMART-EM imaging for the chemical kinetics studies.

2. SMART-EM movie imaging for organic chemistry
===============================================

TEM is an electron variant of the transmitted light microscope in that it utilizes electrons and magnetic lenses in a vacuum instead of photons and glass lenses in optical microscopy. Unlike the optical counterpart, however, TEM imaging is an interference image produced by the interaction of electrons and atoms as in the famous double-slit experiment (Fig. [4](#fig04){ref-type="fig"}a).^[@r10])^ Interestingly, TEM produces the image of the object only when it is slightly out of focus, *i.e.*, no image is given when defocus is zero (at the Gaussian focus). It is also important to note that, in our molecular imaging studies below, it only suffices to consider that electrons interact with the specimen molecules exclusively as a wave and not as particles except when they hit the detector where each electron is recorded as a dot. No momentum of the incident electron was transferred to the single molecule when passing nearby the molecule, which was supported by the experimental fact that no molecule was blown away to the direction of the injection of an electron.^[@r11])^

At 120-kV acceleration conditions that we routinely used (de Broglie wavelength of 3.35 pm at 120-kV acceleration; *cf.* C--C bonds, 125--156 pm), we shot about 1 × 10^5^ electrons per second·nm^2^, which travel at 59% of the speed of light passing through a molecule of, for example, 1-nm thickness within an attosecond and arrive at a pixel detector where electrons are detected as particles (Fig. [4](#fig04){ref-type="fig"}a). It is an enigma of quantum mechanics that an electron behaves as a wave when it flies near single atoms but as a particle when it hits a mass of atoms (*e.g.*, detector or solid specimen, Fig. [4](#fig04){ref-type="fig"}b).

While each electron has attosecond-level information on the molecule, the speed of the camera is the current limitation of the time resolution of TEM imaging. The fastest camera available now utilizes a complementary metal oxide semiconductor detector that has only a sub-millisecond frame rate. This type of detector captures electrons continuously and is essential for following the reaction course as we do in this study. The conventional charge coupled device (CCD) detector is unsuitable for the kinetic studies because it works intermittently due to necessary data retrieval time (typically 1 s).

An enormous potential of SMART-EM movies in chemistry research has long been neglected by the electron microscopic community, probably because electron microscope has long been used primarily to capture still images of the immobile specimens. As soon as we (E.N.) started to work on molecular imaging in the beginning of the 2000s with Sumio Iijima,^[@r12])^ E.N. perceived that such movies provide a truly unique opportunity to follow *in situ* the structural changes of molecules and molecular assemblies. However, a big question was how to bring sub-nm sized specimen molecules into the nm-sized view field of TEM. Thus, we established "eel trap" and "fish hook" strategies that enabled our dream to study the motions and reactions of individual organic molecules in a vacuum column of a TEM (Fig. [5](#fig05){ref-type="fig"}). CNTs of 1- to 2-nm in diameter were found to be suitable supporting materials either as the eel trap or as the fishing rod for its robustness of the monoatomic layer wall, and for the possibility of chemical modifications of the outer wall to install fish hooks.

3. Real-time movie imaging of conformational changes of hydrocarbon chains
==========================================================================

Figure [6](#fig06){ref-type="fig"} shows the frames of the first molecular movie of the conformational changes of an organic molecule ever reported in the literature. This movie, which we reported in 2007, is a real-time movie of the motion of a carborane having two C~22~H~45~ chains confined in a CNT recorded over a 43 s period. It was recorded on a one-generation older CCD detector with each frame taken at an interval of 2.1 s, *i.e.*, 0.5 s irradiation time and 1.6 s blinking time for data retrieval. In this "eel trap" experiment, one tail of the C~22~H~45~ chains was trapped in an invisible hole in the wall of the CNT, and the whole molecule wobbled during observation. The movie consists of a series of static and blurred images of both the head and the tails, suggesting that the C--C bonds rotate like a ratchet in a probabilistic way (Fig. [7](#fig07){ref-type="fig"}).

When we connect a molecule by a C--N bond to the surface of a CNT by the fish hook method, the molecule rotates spontaneously in a vacuum. This motion allowed us to observe the molecule from various directions and then accurately assign the molecular structure by comparing with model structures generated by molecular dynamics calculations. Figure [8](#fig08){ref-type="fig"} illustrates an example of a biotin-containing molecule.^[@r29])^ The molecular images are much less clear than those of the CNT, where we can identify carbon atoms, because of rapid motion and the slow CCD detector. We ascribe the two major conformational changes just before 52.6 s and between 52.6 s and 54.6 s to the rotation of the saturated C--N bond and the N--C(=O) bond, respectively.

What difference could there be between the SMART-EM and the cryo-EM technology honored by the 2017 Nobel Prize? The former method intends to record the behavior of individual molecules and assemblies over time, space and various temperatures. Our method differs entirely from the latter that provides information averaged over numerous static molecules immobilized in vitrified ice at low temperature --- a quality of information similar to that obtained by crystallographic analysis (Fig. [9](#fig09){ref-type="fig"}).^[@r13])^

4. In situ monitoring of individual reaction events
===================================================

Several years after our first report, E.N. started to ponder on the scope and limitations of the SMART-EM technology.^[@r01],[@r11],[@r14])^ He decided to take one step forward to challenge his dream of studying reaction kinetics through visual analysis of individual reaction events by counting on the chemical physics expertise of Prof. Kaoru Yamanouchi, a colleague in our Department. For this investigation, we need to gather statistical information from the beginning of the reaction till the end at various temperatures --- information that has so far been inaccessible or thought to be inaccessible by other single-molecule analytical methods,^[@r15],[@r16])^ including cryo-EM studies.^[@r17])^ Our fundamental question was whether individual reaction events conform to the basic assumption of the quantum mechanical transition state theory. The theory assumes that isolated molecules behave as if all their accessible states were occupied in a random order, as stated by the Rice--Ramsperger--Kassel--Marcus (RRKM) theory (Fig. [1](#fig01){ref-type="fig"}).^[@r04],[@r05])^ To answer this question, we chose to study a 1-D reaction system where a \[2 + 2\] electrocyclic conversion of a van der Waals complex of C~60~ **1** to an adduct **2** using a CNT as a test tube, a thermal bath and a reaction mediator (step 1, Fig. [10](#fig10){ref-type="fig"}a and b) through counting reaction events one by one.^[@r18])^

The cycloaddition reaction studied here was seen with electron microscopy over a decade ago;^[@r19])^ yet, the product structure was unknown, and no mechanistic study has been reported. It is a thermally forbidden reaction that mandates electron (or photo) irradiation. There are only two possible structures for the dimer --- a highly symmetrical *D*~2h~ dimer and a less symmetrical *C*~s~ isomer shown in Fig. [10](#fig10){ref-type="fig"}c. In 2010, we assigned *C*~s~ symmetry to the product formed under TEM observation as deduced from its unsymmetrical image as to the center of the molecule.^[@r20])^ The *D*~2h~ dimer was previously synthesized with a cyanide anion-catalyzed solid-state reaction.^[@r21])^ We also assigned structures to the products of further fusion, as shown in Fig. [10](#fig10){ref-type="fig"}d.

Our next concern was the number of molecules required to be studied to obtain statistically meaningful information for comparison with the bulk experiments. This was a big issue for us because of persistent criticisms by reviewers of our publications who demanded us to study thousands of molecules. In this kinetic study, we found that we need only 25--50 molecules at each temperature to analyze the reaction rate with \<10% error and several hundred molecules in total over a 100-K temperature range to obtain kinetic data comparable to those obtained in bulk experiments. With hindsight, the requirement of a rather small number of specimen molecules in such a 1-D system is reasonable. Statistically speaking, a few hundred molecules are enough to estimate the behavior of millions of molecules with several percent precision, and the behavior of a million molecules would be similar to that of an Avogadro number of molecules.

To prepare C~60~-containing CNTs, we first removed the terminal caps of CNTs oxidatively with hot air and heated them together with C~60~ powder under a pressure of 50 Pa at temperatures up to 803 K.^[@r02])^ We then dropped a 10-µL solution of the dispersion on a copper sample grid covered with *ca.* 70-nm thick perforated carbon film placed on a paper that absorbs excess toluene. Figure [11](#fig11){ref-type="fig"} illustrates the size progression from a microscope, a sample grid, perforated carbon on the grid, CNTs and to a substituted C~60~ molecule.

Figure [12](#fig12){ref-type="fig"} illustrates four frames of the movie of the \[2 + 2\] cycloaddition reaction at 443 K 8 s to 402 s after starting the TEM observation. With a constant electron dose of 3.1 × 10^5^ e^−^ nm^−2^ s^−1^ used for the experiment, the total electron dose (TED) in parentheses increases proportionately to the increase in observation time. The dimer **2** (step 1~H~) is formed first, followed by conversion (step 2) to fused dimer **3** and then oligomers (molecules 6--14 at 402 s). The latter processes involve extensive bond reorganization caused by the further release of the structural strain of C~60~. Thus, 17 molecules produced one dimer out of molecules 5 and 6 (6.3% conversion) after 8 s, and five dimers (31%) after 126 s. Interestingly, the 5--6 dimer (**2**) underwent cycloreversion to generate an intact C~60~ molecule at 402 s. In each experiment in Fig. [13](#fig13){ref-type="fig"}c, we studied 25--70 molecules in several CNTs concurrently for 5--10 min. The highly thermally conductive CNT^[@r23])^ functions as a thermal bath, and we observed no statistically significant rate difference among the molecules in different CNTs.

This movie illustrates unique features of the kinetic study enabled by SMART-EM, which has not been possible by any other method. First, we can carry out real-time investigation of the time evolution of structural changes, including atomistic structural determination of products. In addition, we observed four different types of reactions simultaneously: van der Waals dimer formation (*i.e.*, **1**), forward and reverse \[2 + 2\] cycloaddition (**2**) and fusion (**3**), and we obtained kinetic data for the forward cycloaddition and the fusion. It is noteworthy that, with the movie images recorded, we can study the reactions in both forward and backward directions to precisely analyze the bond-forming reactions and the equilibrium processes preceding the bond formation.

5. Kinetic analysis of C~60~ dimerization
=========================================

Figure [13](#fig13){ref-type="fig"}a illustrates a typical course of step 1~H~ over TED or time in seconds at 443 K. The dimerization events occurred randomly zero to five times every five seconds at various locations in several CNTs. From these data, we calculated an average interval of reaction events to be 58 s, *i.e.*, only one cycloaddition event takes place upon the passage of 7.1 × 10^6^ electrons/min near one C~60~ molecule. At this electron dose, which is commonly used by electron microscopists, one electron passes near one C~60~ molecule at an interval of 8.1 µs --- an interval vastly longer than the time scale for electron excitation and chemical reactions (*e.g.*, picosecond).

Here, we were delighted to note that, despite apparent randomness of the reaction events, the reaction progress (1 − *P*, where *P* is the conversion of C~60~ normalized to one) plotted against TED shows a first-order decay (Fig. [13](#fig13){ref-type="fig"}b). This is confirmed by the black line in a semilogarithmic plot (Fig. [13](#fig13){ref-type="fig"}c), which showed first-order decay up to 50% conversion. The seemingly random events indeed conform to what theory predicts.^[@r04],[@r05])^

Figure [13](#fig13){ref-type="fig"}c summarizes the semilogarithmic plots for step 1~H~ over 393--493 K under 120 kV and EDR of 3.1 × 10^5^ e^−^ nm^−2^ s^−1^. Figure [13](#fig13){ref-type="fig"}d shows the rate constants obtained against TED for this temperature range. From the Arrhenius plot for the 393--493 K data (Fig. [14](#fig14){ref-type="fig"}a, black line, and Fig. [14](#fig14){ref-type="fig"}b), we determined the activation energy of step 1~H~ to be 33.5 ± 6.8 kJ/mol and the pre-exponential factor (PEF) to be 3.9 × 10^−4^ (e^−^)^−1^ nm^2^.

The Arrhenius plot of step 2 gave us a smaller activation energy of 23 ± 17 kJ/mol (Fig. [14](#fig14){ref-type="fig"}a, red line, and Fig. [14](#fig14){ref-type="fig"}b). However, it occurred much less frequently than step 1~H~ as shown by a much smaller PEF of 7.1 × 10^−6^ (e^−^)^−1^ nm^2^ (Fig. [14](#fig14){ref-type="fig"}a, black line). The error here is admittedly very large because step 2 occurs sequentially after step 1~H~.

Upon analysis of a wider temperature range, we found that the CNT loses structural integrity at 103--203 K and that the dimerization events in such decomposed CNTs show an entirely different profile with an activation energy as small as 1.9 ± 0.7 kJ/mol and a PEF as small as 1.4 × 10^−7^ (e^−^)^−1^ nm^2^ (Fig. [14](#fig14){ref-type="fig"}a, blue line, and Fig. [14](#fig14){ref-type="fig"}b). The PEF value is 1/2800 of the one found for step 1~H~. We denote this reaction as step 1~L~.

The data summarized in Fig. [14](#fig14){ref-type="fig"}b indicate that the activation energy and the PEF of the three reactions somehow compensate each other and account for the experimental observation that the apparent rates are not too different from each other. In these experiments, where we studied the conversion of the van der Waals dimer **1** to **2**, the PEF values largely reflect the frequency of excitation, probably a little of steric factor (note the *I*~*h*~ symmetry of C~60~), and none of the frequency of collision, which is a dominant contributor in kinetics in the solution or gas phases.

Temperature--rate correlation is summarized in Fig. [14](#fig14){ref-type="fig"}c. At temperatures higher than 500 K, the apparent rate of the dimerization at 543 K and 643 K slowed down because of visually observed, competitive thermal cycloreversion (**2** to **1**).^[@r18])^ Two data points of this process are shown in Fig. [14](#fig14){ref-type="fig"}c (purple line).

Through comparison of the activation energy among step 1~H~ (33.5 ± 6.8 kJ/mol), step 1~L~ (1.9 ± 0.7 kJ/mol) and a reported photodimerization of crystalline C~60~ ascribed to the triplet state (23 kJ/mol),^[@r18])^ we concluded that step 1~H~ took place via a singlet excited state and that step 1~L~ via a radical cation. The 2800 times larger PEF of step 1~H~ compared to step 1~L~ fits with this conclusion because the former is a vertical *S*~0~-to-*S*~1~ transition process while the latter involves one-electron oxidation, which causes extensive C--C bond stretching of the whole fullerene skeleton.

Figure [15](#fig15){ref-type="fig"} illustrates schematically the chemistry involved in the fullerene \[2 + 2\] dimerization. Here, we assume that CNT acts as a mediator to convert the energy of an electron beam to chemical energy to cause reactions either via singlet excitation or via radical cation formation. Elucidation of any details of such a mechanism needs further studies.

6. Conclusion
=============

"Organic molecules are unstable under electron microscopic observation."^[@r11])^ We have shown experimentally that this accepted wisdom of the community applies to organic solid and crystals but not to single organic molecules and their assemblies in a vacuum. For example, single molecules in the vacuum of perfluoroalkane, hydrocarbon, amide, urethane, sulfide, ether, aromatic compounds and van der Waals molecular clusters are stable up to a total dose of *ca.* 5 × 10^7^ electrons/nm^2^ at 120 kV under our SMART-EM conditions, while these molecules in the solid state decompose under 10^4^ times less electron dose.^[@r22])^ Retrospectively, the observed stability of small organic molecules is entirely reasonable. Before the development of laser technology, physical chemists used an electron beam to excite vibrational states of organic molecules, taking advantage of the very small cross-section of ionization.^[@r24])^

Chemical reactions of organic molecules and nanocarbon materials studied under electron microscopic observations have often been interpreted as a result of "knock-on" damage (loss of atoms by direct kinetic energy transfer from fast electrons). The knock-on damage is temperature independent by definition, but the reactions described in this review showed well-defined temperature dependence. Hence, the chemistry reported above can be reasonably accounted for by the standard chemistry framework of excited state formation and ionization without invoking knock-on damage.

The most fundamental aspect of the results presented above is that the seemingly random reaction events follow the rule of the quantum mechanical transition state theory, and a few hundred specimen molecules are sufficient to obtain kinetic data that match well with bulk data. The observations, therefore, suggest that the SMART-EM methodology can be applied to the study of chemical reactions, either thermal or excited state reactions, well beyond the fullerene reactions described above. We also found that the CNT container acts as both a test tube and a reaction mediator and allows us to study reaction mechanisms unperturbed by molecular diffusion. The success of the present kinetic study rests crucially on the capability of the SMART-EM technology to handle a mixture of molecules (*e.g.*, **1**, **2** and **3**) --- the potential of the method can be further explored in various other fields of chemical analysis in the fields of chemistry,^[@r25])^ catalysis,^[@r26])^ materials^[@r27])^ and biological science.^[@r29],[@r28])^ Finally, we believe that "seeing is believing" would become a new key word for chemistry research and education in the not-too-distant future.
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![Schematic illustration of (a) classical and (b) quantum mechanical transition state theory of a chemical reaction. The molecule in a potential well on the left in (b) can occupy all accessible states in a random order. The molecule behaves similarly in an activated complex and in the potential well on the right, and therefore, the reaction occurs in a probabilistic manner.](pjab-94-428-g001){#fig01}

![Computed molecular images and the potential surface of an organocopper reaction.](pjab-94-428-g002){#fig02}

![An impossible dream of taking snapshots of individual molecules as they randomly react in multidimensional space.](pjab-94-428-g003){#fig03}

![The interaction between fast incident electrons and solid materials. (a) Interference image formation by fast electrons (120 kV) that pass near a molecule in 10^−18^ s with an interval of 10 µs (dose of 1 × 10^5^ electrons/(s·nm^2^)) and exhibit wave/particle behavior. (b) Electron beam irradiation causes chain events in an organic solid. Adapted with permission from ref. [@r11]. Copyright 2017 American Chemical Society.](pjab-94-428-g004){#fig04}

![Two strategies to fix single molecules in the view field of a TEM. (a) Eel trap method to capture a specimen molecule into a CNT. (b) Fishing a specimen molecule from its solution to take it up to a TEM sample grid.](pjab-94-428-g005){#fig05}

![SMART-EM images of a wobbling ortho-carborane bearing two C~22~H~45~ chains in a CNT of 1.2 nm diameter (thermal vibration of CNT is normalized). (a) The images were obtained in an interval of 2.1 s with an electron irradiation time of 0.5 s, followed by 1.6 s data readout time with no electron irradiation. The scale bar is 1 nm. Molecular models of the image at times (b) 4.2 s and (c) 6.3 s, respectively. Adapted with permission from ref. [@r01]. Copyright 2007 The American Association for the Advancement of Science.](pjab-94-428-g006){#fig06}

![Ratchet motion of C--C bond going over a 10--20 kJ/mol activation energy of rotation.](pjab-94-428-g007){#fig07}

![Rapidly moving biotin derivative at 80 kV. (a) Structure of the biotin derivative. (b--j) The TEM image of the biotin-containing molecule is shown on the left, a molecular model of a plausible conformation is shown on the right and its TEM simulation is shown in the middle. The numbers refer to the time in seconds after starting the movie recording. Scale bar is 1 nm. (k) Cartoon illustrating the molecule on a waving CNT. Adapted with permission from ref. [@r29]. Copyright 2015 American Chemical Society.](pjab-94-428-g008){#fig08}

![Difference between SMART-EM and cryo-EM: Single-molecule image (*cf.* Fig. [8](#fig08){ref-type="fig"}) *vs.* image averaging protocol of cryo-EM. The scale bar is 1 nm.](pjab-94-428-g009){#fig09}

![SMART-EM imaging of the dimerization of C~60~\@CNT. (a) Schematic illustration of the experiments using C~60~\@CNTs on a temperature-controlled microgrid. (b) Four types of reactions observed. (c) Two isomers of a \[2 + 2\] dimer of C~60~. (d) TEM images of intermediates in a 1.4 nm CNT. The scale bar is 1 nm. Adapted with permission from refs. [@r02] and [@r20]. Copyright 2010 Nature Publishing Group and 2017 American Chemical Society.](pjab-94-428-g010){#fig10}

!["Power of ten." An illustration of the sampling of perfluoroalkyl fullerene molecules in a CNT. CNT powder incorporating specimen molecules is put on a TEM microgrid, which is then placed on a sample holder. Adapted with permission from ref. [@r22]. Copyright 2014 American Chemical Society.](pjab-94-428-g011){#fig11}

![Steps 1~H~ and 2 seen for 17 molecules at 443 K under 120-kV acceleration voltage, and with an electron dose rate (EDR) of 3.1 × 10^5^ e^−^ nm^−2^ s^−1^. Numbers in parentheses denote TED of each frame with the unit of e^−^ nm^−2^. A \[2 + 2\] cycloadduct is indicated as hyphenated numbers and a fused oligomer as boxed numbers. Note that at 402 s, the molecules 5 and 6 are separated (*i.e.*, cycloreversion) after the dimerization at 8 s. A defect on the CNT is shown with an arrow. The scale bar is 2 nm. Adapted with permission from ref. [@r02]. Copyright 2017 American Chemical Society.](pjab-94-428-g012){#fig12}

![Reaction kinetics of steps 1~H~ at 120 kV and EDR of 3.1 × 10^5^ e^−^ nm^−2^ s^−1^. (a) The occurrence of random reaction events of step 1~H~ integrated over every five-second period at 443 K plotted against TED (every 1.6 × 10^6^ e^−^ nm^−2^ s^−1^ = 5 s). (b) Reaction progress (1 − *P*, where *P* is C~60~ conversion normalized to 1) at 120 kV *vs.* TED (black). (c) Semilogarithmic plot of above 393 K and first-order kinetics fitting shown as solid lines. (d) Rate constants of step 1~H~ at 393--493 K obtained from (c).](pjab-94-428-g013){#fig13}

![Kinetic analysis of reactions of C~60~. (a) Arrhenius plots of steps 1~H~, 1~L~ and 2. (b) Summary of activation energies and PEFs. (c) Reaction rate *vs.* temperature correlation illustrated for four reaction types: step 1~H~ (black), retro \[2 + 2\] cycloaddition (purple), step 1~L~ (blue) and step 2 (red). Activation energies for step 1~H~ and step 1~L~ are shown in the plot.](pjab-94-428-g014){#fig14}

![Two chemical pathways of \[2 + 2\] dimerization of C~60~ (circle) initiated by electron irradiation at 120 kV: A singlet excited state pathway (left) and a radical cation pathway (right).](pjab-94-428-g015){#fig15}
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